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Abstract
O2 evolution from single turnover flashes of up to 96 Wmol absorbed quanta m32 and from multiple turnover pulses of 8.6
and 38.6 ms duration and 12 800 and 850 Wmol absorbed quanta m32 s31 intensity, respectively, was measured in sunflower
leaves with the help of zirconium O2 analyser. O2 evolution from one flash could be measured with 1% accuracy on the
background of 10^50 Wmol O2 mol31. Before the measurements leaves were pre-adapted either at 30^60 or 1700 Wmol quanta
m32 s31 to induce different non-photochemical excitation quenching (qN). Short (1 min) exposures at the high light that
created only energy-dependent, qE type quenching, caused no changes in the O2 yield from saturating flashes or pulses that
could be related to the qE quenching, but the yield from low intensity flashes and pulses decreased considerably. Long 30^60-
min exposures at the high light induced a reversible inhibitory, qI type quenching that decreased the O2 yield from both,
saturating and limiting flashes and pulses (but more from the limiting ones), which reversed within 15 min under the low
light. The results are in agreement with the notion that qE is caused by a quenching process in the PSII antenna and no
changes occur in the PSII centres, but the reversible (15^30 min) qI quenching is accompanied by inactivation of a part of
PSII centres. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction
The number of active PSII centres per leaf area or
per mole Chl is an important characteristic of the
photosynthetic machinery. Changes in the number
of active PSII centres re£ect the processes of inhibi-
tion and acclimation, e.g. a quantitative measure of
irreversible or very slowly reversible photoinhibition
is the decrease in the number of active PSII centres
[1,2]. However, photoinhibition is the climax of a
series of regulatory and photoprotective processes
that develop in series. The general phenomenon of
non-photochemical excitation quenching, qN, con-
sists of several phases with di¡erent relaxation times
of about 30 s, 8 min and 30 min [3,4]. The fastest,
energy-dependent qE component is shown to be an
antenna-based phenomenon, while the next, de¢ned
as reversible qI phase may be of similar mechanism
as qE [5]. The quantum yields of photochemical and
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non-photochemical excitation quenching are rather
well complementary to one another independent of
whether the non-photochemical quenching is of qI or
qE type [6], i.e. when photochemical quenching de-
creases due to limitations in photosynthesis, the non-
photochemical quenching increases almost exactly as
much. On the basis of this similarity it would be
interesting to know whether the number of active
PSII centres responds to changes in qE as much as
to changes in qI. This information would allow one
to draw conclusions, whether the mechanisms of qE
and reversible qI are similar or di¡erent.
The number of active PSII centres may be calcu-
lated from O2 evolution in response to saturating
single turnover £ashes. Such £ashes are so intense
and so short that every PSII turns around only
once, transporting one e3 from the donor to the ac-
ceptor side. Accordingly, the yield of O2 from one
£ash equals to 1/4 of the number of PSII (provided
that s-states were randomised before the £ash). The
measurement of such small amounts of O2 needs
sensitive instruments. Clark-type O2 electrodes have
been used for the measurement of O2 evolution from
aqueous suspensions of samples [7]. To obtain su⁄-
ciently fast response, unicellular layers of algae, pro-
toplasts or chloroplasts were placed directly on a
bare platinum electrode [8]. With this device, the pe-
riodic O2 burst with the period of four £ashes was
detected and the model of successive s-states was
proposed [9,10]. However, calibration of the bare
electrode for the absolute measurement of O2 evolu-
tion is di⁄cult, if not impossible. Therefore, only
relative measurements can be done, the interpreta-
tion of which is based on di¡erences between succes-
sive O2 bursts [10] or on the shape of the light satu-
ration curve [11]. The measurement of the number of
active PSII per mole of Chl or per leaf area needs
precise calibration of the £ash-response O2 evolution
in absolute units.
This has been done using Hansatech oxygen elec-
trode [12], a Clark electrode accommodated for the
measurements of O2 concentration in the gas phase
around leaf disks [13,14]. The sensitivity of the elec-
trode is insu⁄cient to detect O2 evolution from a
single £ash and only average O2 evolution from
trains of £ashes can be recorded with the Hansatech
electrode. This slows the response down to 4^5 min
and does not allow the measurement of the £ash O2
evolution under a constant qE quenching, because
the latter relaxes within tens of seconds under low
light. To overcome this problem, in this work we
apply a zirconium-oxide O2 analyser for the mea-
surement of O2 evolution from leaves in response
to individual single turnover £ashes. On the back-
ground of low O2 concentration, the sensitivity of
the instrument is high enough for the measurement
of O2 evolution from one £ash. The speed of a single
measurement allows us to monitor changes in the
number of active PSII centres in leaves during the
relaxation of qE.
2. Materials and methods
Sun£ower (Helianthus annuus L. were grown in a
growth chamber in 4-l pots in well-fed peat-soil mix-
ture at 25/20‡ and 14/10 h day/night regime, PFD of
450 Wmol quanta m32 s31. Attached mature leaves of
30^40-day-old plants were used in experiments.
2.1. Gas exchange measurements
For O2 evolution measurements, leaves were en-
closed in a chamber (diameter 3.1 cm, height
0.3 cm). The abaxial side of the leaf was sealed
with starch gel to the glass window of the chamber
in order to stabilise leaf temperature within þ 0.5‡C
of the water bath. A two-channel gas system for fast-
response measurements of the dynamics of photosyn-
thesis (Fast-Est, Tartu, Estonia; [15]) was fed from
pressure cylinders with O2 and N2, varying £ow rates
to obtain the necessary O2 concentrations at a total
gas £ow rate of 0.5 mmol s31. The two-channel gas
system allowed immediate changes of background O2
concentration by switching the leaf chamber between
the channels where di¡erent O2 concentrations were
preset. Leaf preconditioning, to stabilise electron
transport and qN between the £ash measurements,
was in 2% O2, while £ash yields of O2 were measured
on the background of about 10^50 Wmol O2 mol31
gas. An exposure to the anaerobic atmosphere before
the £ash measurements did not last longer than 20 s.
The extremely low background O2 concentration was
necessary in order to obtain su⁄cient sensitivity of
the zirconium-oxide O2 analyser Ametek S-3a (Ther-
mox, Pittsburgh, PA). Gas humidity was set to 50%,
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CO2 concentration to 330 Wmol mol31 by adding
pure CO2 through a calibrated capillary under stabi-
lised pressure di¡erence, and leaf temperature was
22‡C.
2.2. Single turnover £ashes and £ash dose
measurement
The leaf chamber was illuminated through light
guides of plastic ¢bres of 1-mm diameter (Fast-Est,
Tartu, Estonia). By individual arrangement of each
¢bre, light from di¡erent sources (actinic back-
ground, far-red, £uorescence saturation pulses, single
turnover £ashes and multiple turnover pulses) was
evenly superimposed over the leaf area. A Schott
KL 1500 light source (H. Walz, E¡eltrich, Germany)
was used for background actinic illumination (to
vary qN); for £uorescence saturation pulses, the in-
tensity of the same source was electronically turned
to 15 000 Wmol m32 s31 for 1 s. The other KL 1500,
¢ltered through a 720-nm narrow-band interference
¢lter, was used for far-red (FR) illumination (inci-
dent intensity 240 Wmol m32 s31). The absorption
coe⁄cient of the leaf for photosynthetically active
radiation was measured in an integrating sphere.
Single-turnover £ashes were produced by Machine
Vision Strobe MVS-7020 (EGpG Optoelectronics,
Salem, MA) with 12- or 4-WF discharge capacitors
and applied to the leaf via a branch of the ¢bre optic
light guide. Flashes were attenuated with neutral ¢l-
ters when necessary. Before experiments, the shape of
the £ash was recorded with a LI 190SA quantum
sensor (LiCor, Lincoln, NE) and a recording oscillo-
scope. During experiments, the same sensor was at-
tached to ¢bres branching o¡ from the illumination
bundle and used for the measurement of the quan-
tum dose in each £ash (to stay in linear range of the
sensor £ashes were attenuated four times). During
the £ash-dose measurements the photocurrent of
the sensor diode charged a capacitor of 10 WF from
a 4.5-V battery. The capacitor was discharged by a
parallel 0.44 M6 resistor (time constant 4.4 s). Each
£ash produced a transient, the peak of which was
proportional to the pulse quantum dose.
Flash energy measurements were calibrated in two
independent ways. Firstly, the PIN diode of the LI
190SA sensor, exploited in the reverse current mode,
was found to be linear up to the irradiances in £ash
doses up to 25 Wmol quanta m32 (the linearity was
checked recording the exponential decay of the
£ash). The integral of the current during the £ash
was recalculated into Wmol quanta m32 using the
calibration constant of the sensor supplied by the
producer. Secondly, a thermoelectric pyranometer
was used as an intermediate sensor to compare the
high peak but short single turnover £ashes with low-
er peak, but longer multiple turnover £ashes of sim-
ilar energy, produced by a computer-operated shutter
of 1-ms edge speed [16]. Responses from a series of
10-ms-long pulses of di¡erent intensity of up to
15 000 Wmol m32 s31 from KL 1500 were recorded
by the LI-190SA quantum sensor (true trace re-
corded with 40 Ws data logging frequency) on the
one hand and by the pyranometer (a slow bell-
shaped integral response recorded with 1 ms data
logging speed) on the other. This way, the pyranom-
eter was calibrated in units of Wmol quanta m32
against the LI-190SA sensor in the range of guaran-
teed linearity of the latter. Then the same procedure
was repeated with single turnover £ashes, recording
the integral of £ashes by the quantum sensor instead
of the true trace. As a result, the integral quantum-
meter was calibrated against the pyranometer. The
di¡erences in spectral composition of KL 1500 and
xenon £ashes were considered. Both methods gave
similar results, from which we concluded that the
LI-190SA sensor is a linear meter up to 25 Wmol
quanta m32 in single turnover £ashes. For the mea-
surement of greater doses, the £ashes were attenu-
ated.
2.3. Multiple turnover pulses
Pulses of up to 15 000 Wmol quanta m32 s31 were
provided by a Schott KL 1500 light source. A special
computer-driven spring-operated shutter was con-
structed (Fast-Est, Tartu, Estonia) that ¢t into the
body of the KL 1500 Electronic light source in the
slit of the slide ¢lter holder and produced pulses of
variable length with edges of 1 ms. The time course
of light intensity during pulses was recorded with a
LI-190SA quantum sensor attached to nine ¢bres
branching o¡ from the illumination bundle. The
placement of these nine ¢bres was chosen so that
the slopes of the edges of the measured pulses mim-
icked the slopes in the leaf chamber.
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2.4. Fluorescence measurements and data logging
Using the same compound ¢bre arrangement as
for illumination, chlorophyll £uorescence was mea-
sured with a PAM 101 £uorometer (H. Walz, E¡el-
trich, Germany) from a 10U20 mm2 spot on the leaf.
Data were computer-recorded using an A/D card
ADIO 1600 (Industrial Computers, San Diego, CA)
and a data-logging and -processing program packet
(Fast-Est, Tartu, Estonia) that mimics a multichan-
nel chart recorder and a recording oscilloscope. Sig-
nals from the O2 analyser, £ash dose meter and
PAM 101 were recorded.
3. Results
3.1. Shape and energy of the xenon £ash
The shape of the xenon £ash is shown in Fig. 1 for
the 12- and 4-WF capacitors. With the 12-WF capaci-
tor the length of the £ash at half-height was 6 Ws and
80% of the £ash energy was emitted within 10 Ws,
however, a £ash tail extended to 40 Ws and about
20% of the £ash energy was in this tail. With the
4-WF capacitor, the width of the £ash was 3.3 Ws
and the tail was absent. Maximum energy obtained
in the leaf chamber from the xenon £ash was
110 Wmol quanta m32 with the 12-WF capacitor and
60 Wmol quanta m32 with the 4-WF capacitor. Most
measurements were carried out with £ashes from the
12-WF capacitor, because these well-saturated O2
evolution from the leaf, but still proved to be single
turnover.
3.2. Life-time of s-states and double-hits
We suspected that the long tail of the 12-WF £ash
could cause double-hits that could increase the O2
yield, especially from saturating £ashes. On the other
hand, equilibration of s-states might decrease the
yield from a single £ash when the distance between
£ashes was too long. Both these factors were inves-
tigated. After a dark adaptation for 3 min periodic
response with a maximum O2 yield from the third
£ash was observed, but the oscillation quenched rap-
idly and we suspected that the distance of 2 s be-
tween £ashes, the shortest time interval necessary
to distinguish the maxims of O2 evolution from suc-
cessive individual £ashes, was too long, allowing s-
states to partially equilibrate between £ashes. To
overcome this problem, trains of 1, 2, 3 etc. £ashes
with a distance of 0.1 s apart were applied and total
O2 evolution per train was integrated. O2 evolution
from the n-th £ash was calculated as the di¡erence
between the trains of n and n-1 £ashes. The results
are shown in Fig. 2A.
Periodicity of O2 evolution is clear, with the ¢rst
maximum on the third £ash. There is no O2 evolu-
tion from the ¢rst and is very little O2 evolution from
the second £ash when the previous dark adaptation
time was 3 min, which shows that state 3 was absent
and state 2 was very little populated in the dark.
Most Mn complexes were in state 1, requiring three
£ashes until the ¢rst O2 was evolved, but a consid-
erable fraction of Mn complexes was also in state 0,
evolving O2 on the fourth £ash. The fact that very
little O2 evolution was detected from the second £ash
proves that our £ashes caused practically clean single
turnovers of PSII. If the percent of double-hits were
remarkable, O2 would have evolved in the second
£ash from the population of s1 states present in the
dark.
The speed of equilibration of s-states was investi-
gated by applying di¡erent dark exposures before a
£ash. The s-states were randomised under a low
PAD of 60 Wmol m32 s31, light was turned o¡ and
O2 evolution from one saturating £ash was measured
after di¡erent dark interval. It decreased with an ex-
ponential time constant of 4 s at leaf temperature of
Fig. 1. Oscillograph traces of £ashes generated by 12- and 4-WF
capacitors. The tail of the 12-WF £ash extends to 40 Ws and
contains 20% of £ash energy.
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22‡C (Fig. 2B), which is the time constant for the
decay of the s3 state in the sun£ower leaf at room
temperature. This result shows that for correct mea-
surement of PSII pool dark time before the £ash
should not be longer than 0.1^0.2 s, better if the
£ashes are given on the background of low intensity
PSII light. When PSII pool is measured using £ash
trains, £ashes must follow no more than 0.1^0.2 s
apart in order to cover the period of 4 without con-
siderable decay of created s-states.
3.3. Measurement of the number of PSII centres
The above experiments proved that the £ashes
were single turnover even at the maximum energy
and could be used for the measurement of the pool
of PSII in leaves. A computer-operated routine used
in these measurements was the following. Leaves
were pre-adapted in 21% O2 and 330 Wmol CO2
mol31 for maximum stomatal opening. This facili-
tated fast O2 evolution from the leaf during the
£ashes. Then the O2 concentration was lowered to
2% and PAD was chosen as necessary for the follow-
ing £ash measurements. Thus, pre-adaptations to dif-
ferent PADs were at 2% O2 . To start the £ash mea-
surements, O2 concentration was decreased to 10^
50 Wmol mol31 and the following routine was applied
(Fig. 3): white actinic light (WL) was replaced by FR
light of 270 Wmol m32 s31 (incident) containing
about 15 Wmol m32 s31 of PSII light (absorbed;
background O2 evolution under FR was the same
as under 30 Wmol m32 s31 of white light, which
equals to 15 Wmol m32 s31 PSII light). FR was nec-
essary to completely oxidise PQ before and between
£ashes and low PSII light was necessary to mix
s-states. Trains of £ashes, 5 s apart, were given in
repeated experiments beginning 2, 3, 4, 5 and 6 s
after turning the actinic light o¡ (shown with di¡er-
ent lines in Fig. 3). Reference line was measured
applying the same routine without £ashes. The di¡er-
ence between the recordings with and without £ashes
was taken as O2 evolution from the £ash. This way it
was possible to measure O2 evolution from the ¢rst
£ash on the drifting reference 2 s after the actinic
light was turned o¡ and further after each second.
Standard deviation of the measurements of O2 evo-
Fig. 2. O2 evolution from 12-WF £ashes as a function of £ash
number (A). The leaf was dark-adapted for 3 min before trains
of 1, 2, 3 etc. £ashes, 0.5 s apart, were given. Total O2 evolu-
tion in every train was measured and O2 evolution in the last
£ash was calculated as the di¡erence between the last and the
previous series. (B) Dependence of O2 evolution from the ¢rst
£ash on the duration of darkness before the £ash.
Fig. 3. Measurement of changes in the active PSII pool. Trains
of £ashes, 5 s apart, were given in repeated experiments begin-
ning 2, 3, 4, 5 and 6 s after the actinic light was replaced by
FR light at time = 0. Before this, the leaf had been in anaero-
biosis for 20 s. Reference line, showing the response of photo-
synthesis and the O2 analyser for the change in light intensity,
was measured without £ashes. O2 evolution from the £ash was
calculated as di¡erence between the traces with and without
£ashes.
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lution from one £ash was less than þ 1%, scattering
of peaks in Fig. 3 may be slightly greater because
di¡erent £ashes were generated after leaf re-adapta-
tion to the high actinic light. Such measurement rou-
tine allowed us to search for changes in the £ash O2
yield during the postillumination period with time
resolution of 1 s beginning from 2 s after the actinic
light was replaced by the FR light.
3.4. Light response of O2 evolution from a single
turnover £ash without and with qN
In these experiments, the phase-shifted £ash traces
like those shown in Fig. 3 were not applied, but one
£ash was given 4 s after actinic light was replaced by
FR. Flash intensity was changed, to obtain £ash
dosage curves of O2 evolution (Fig. 4). While the
£ash^dosage curve for an optically thin layer is ex-
ponential, the response of the whole leaf is a complex
function, a sum of exponents with di¡erent con-
stants. The £ash dosage curves saturate more slowly
than single exponents (thin lines), a result of optical
thickness of the leaf. Thick lines that well ¢t the data
points were calculated from a computer model that
considered exponential attenuation of light in the
leaf, assuming that the leaf had 10% light transmis-
sion. Our maximum £ash of 95 Wmol quanta m32
(absorbed) from the 12-WF capacitor was powerful
enough to saturate the response. The experiment
was carried out with two pre-adaptation PADs, 26
and 1700 Wmol quanta m32 s31 and adaptation ex-
posures of 30 min. The £ash O2 evolution saturated
at 2.2 and 1.6 Wmol e3 m32 s31 in the low and high
light adapted states, respectively. This result showed
that in the state of high qN induced by a 30-min
exposure to high PAD, the number of active PSII
centres decreased from 2.2 to 1.6 Wmol PSII m32
or to 0.727 from the initial state at the low PAD.
However, the initial slope of the £ash dosage curve
(£ash quantum yield in mol e3 per mol photons)
decreased from 0.35 to 0.19 or to 0.53 of the low
light adapted value. This shows that under our pre-
adaptation conditions, the number of active PSII
centres decreased in response to the induced qN,
but antenna e⁄ciency also decreased at each PSII
that remained active. This state of reduced PSII
number and lower antenna e⁄ciency was mostly re-
versible, as seen from the curve measured after re-
adaptation to the low PAD for 30 min at the end of
the experiment (Fig. 4, triangles).
3.5. qE and reversible qI
Although qN induced by the 30-min exposure re-
verted almost completely within 30 min at the low
PAD, the relaxation kinetics were two-phase, sug-
gesting that two di¡erent processes were involved.
Fig. 4. Flash^dosage curves for a sun£ower leaf pre-adapted 30
min at PAD of 30.3 (¢lled squares) and 1700 Wmol m32 s31
(empty squares). Triangles were measured after re-adaptation at
the low PAD. Thin continuous lines, exponents calculated for
an optically thin object; thick lines, calculated from a model
for a leaf with 10% light transmission.
Fig. 5. Changes in the pool of active PSII during the relaxation
of qE. A sun£ower leaf was exposed at a low and a high PAD
and the £ash O2 yield was measured under FR in repeated
phase-shifted £ash trains as shown in Fig. 3. Open squares,
after an exposure at 51 Wmol quanta m32 s31 for 30 min; open
triangles, after an exposure at 1700 Wmol m32 s31 for 1 min;
¢lled triangles, after an exposure at 1700 Wmol quanta m32 s31
for 30 min.
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In order to see whether the number of active PSII
was reduced during the faster or the slower phase of
qN, we repeated the above experiments, but reduced
the time of pre-exposure at PAD of 1700 Wmol quan-
ta m32 s31 to 1 min. Such a short exposure induced
only qE type quenching that reversed completely
within 5 min. The experiment was carried out ac-
cording to the routine of Fig. 3, pre-adapting the
leaf at PADs of 26 Wmol m32 s31 for 30 min and
of 1700 Wmol m32 s31 either for 1 or 30 min. The low
light pre-adapted leaf showed a constant O2 yield of
1.3 Wmol e3 m32 from repeated £ashes (Fig. 5, open
squares). After the 1-min adaptation at the high
PAD, the £ash yield increased rapidly and ap-
proached the low light pre-adapted level within 10 s
(open triangles). After the longer exposure (30 min)
to the high PAD, the £ash O2 yield had decreased
to 1 Wmol e3 m32 and increased very slowly (Fig. 5,
¢lled triangles). When the leaf was re-adapted at the
low PAD for 30 min again, the £ash yield increased
to almost the initial level (not shown). After the ex-
posure to the high PAD, no matter short or long, Fm
was quenched to 40% of its initial value (Fig. 6).
During the ¢rst 10 s there was very little change in
Fm, which shows that the fast postillumination relax-
ation of the PSII inhibition was not related to the qE
quenching of Fm. At one and the same Fm quench-
ing, the short exposure to high light did not induce
changes in the number of active PSII, while the long
exposure induced a decrease of about 25%, which
was reversed within 30 min under low PAD.
These experiments showed that no changes in the
number of active PSII centres occurred that could be
related to the rapidly reversible, qE type non-photo-
chemical quenching, while the longer exposure at the
high PAD induced a more slowly reversible compo-
nent of qN and a parallel decrease in the number of
active PSII centres for about 25%. The fast increase
of the active PSII pool after the short exposure to the
high PAD shows that the activity of PSII is a dy-
namic parameter that may change during photosyn-
thesis, but these changes are not directly related to
the qE-type quenching of Fm.
3.6. Comparison of single turnover £ashes and
multiple turnover pulses
Saturating single turnover £ashes detect the num-
ber of actively O2 evolving PSII centres. O2 yield
from high intensity (saturating) multiple turnover
pulses re£ects the maximum e3 transport rate
through active PSII centres, while O2 evolution
from low intensity pulses re£ects the intrinsic quan-
tum yield of PSII. Electron transport capacity of
PSII much exceeds the capacity of the following e3
transport steps, particularly plastoquinol oxidation
by Cyt b6f. Therefore, for the correct measurement
of PSII e3 transport capacity, PQ must be oxidised
and the number of e3 transported during the pulse
must be considerably smaller than the number of e3
that can be accommodated in plastoquinol, in order
to minimise PSII acceptor side closure by QA reduc-
tion during the pulse. For comparison of di¡erent
measurements, it is recommended that the number
of e3 transported in comparable experiments was
approximately equal. For this reason, in our experi-
ments, shorter high intensity pulses were chosen
rather than the low intensity pulses, to transport an
approximately equal number of e3 in both cases (7^9
Wmol e3 m32), which was about 30% of the maxi-
mum e3 pool that could be accommodated in re-
duced plastoquinone [16]. With this we ensured
that the acceptor side limitation due to PQ reduction
did not exceed 15% in average and was equal in
comparable experiments.
We carried out comparable measurements apply-
ing a saturating £ash, a high intensity multiple turn-
Fig. 6. Time courses of Fm under FR after the exposure at
1700 Wmol quanta m32 s31 in the experiment of Fig. 5.
Squares, after the 1-min exposure, triangles: after the 30-min
exposure. Fm value during the initial exposure at 51 Wmol quan-
ta m32 s31 is taken as unity.
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over pulse and a low intensity multiple turnover
pulse 5 s after the white actinic light was replaced
by FR. The preceding exposure at 1700 Wmol quanta
m32 s31 was either 1 or 60 min. Subsequent to the
1 min pre-adaptation at 1700 Wmol quanta m32 s31,
O2 yield from £ashes decreased by 9% compared
with the pre-adaptation at PAD of 37 Wmol m32
s31 (Fig. 7). In accordance with the experiment of
Fig. 5, this small decrease in the detected active
PSII was not related to the qE type quenching of
Fm. Pulse O2 yield from the high intensity multiple
turnover pulses of 12 800 Wmol m3 2 s31 (absorbed)
and 8.6 ms duration decreased slightly more than the
£ash O2 yield (by 16%), while the pulse yield from
low intensity pulses (850 Wmol m32 s31, 38.6 ms)
decreased by 27% after the 1-min exposure under
1700 Wmol quanta m32 s31. The maximum pulse
was not completely saturating the PSII yield. Know-
ing that the PSII light response curve is a rectangular
hyperbola [16], we calculated the initial slope and the
maximum rate Vm and presented relative changes of
these parameters in Fig. 7. After the 1-min exposure
under the PAD of 1700 Wmol quanta m32 s31 the
maximum PSII turnover rate decreased quite exactly
in proportion with the pool of active PSII, while the
quantum yield of PSII at low light, represented by
the initial slope of the light response curve, decreased
more. These experiments show that the rapidly in-
ducible and rapidly relaxing qE type quenching in£u-
ences neither the number of active PSII centres nor
decreases the maximum turnover rate of the centres
at saturating PAD, but considerably decreases the
quantum yield of PSII at low PAD.
After a 60-min exposure under the PAD of
1700 Wmol m32 s31, the number of active PSII de-
tected from the £ash O2 yield decreased by 20% and
this downregulation reversed within 15 min to the
level 89% of the initial value (rightmost bars in
Fig. 7). Parallel to this exposure, the calculated
PSII Vm decreased slightly less than the number of
centres, but we do not consider the di¡erence mean-
ingful because Vm is extrapolated. The initial slope
(quantum yield) decreased to 0.58 of the initial value.
After 15 min of qN relaxation, both, Vm and quan-
tum yield recovered to 90% of the initial value and
continued to recover. The results show that the 1-h
exposure under 1700 Wmol m32 s31 induced a revers-
ible photoinhibitory e¡ect that decreased £ash yield,
high intensity and low intensity pulse O2 yield, all in
proportion by 10%. In parallel with the photoinhibi-
tion, in active PSII centres the qE quenching caused a
remarkable decrease of the low light quantum yield,
but only less than 10% decrease in the maximum
PSII turnover rate. In non-photoinhibited PSII
centres, the e¡ect of qE quenching was similar before
and after the long exposure under high PAD, causing
about 30% decrease of the quantum yield and 10%
decrease of Vm and the number of active PSII, but
the latter e¡ect was not related to Fm quenching and
reversed within 10 s.
4. Discussion
These experiments showed a principal di¡erence
between the mechanisms of the qE type and of the
reversible qI type non-photochemical quenching. The
number of active PSII centres detected by O2 evolu-
tion from saturating single-turnover £ashes did not
decrease during the rapidly induced (1 min) and
Fig. 7. Comparison of O2 yields from saturating single turnover
£ashes with O2 yields from saturating and limiting multiple
turnover pulses. O2 yields from a saturating single turnover
£ash, from a 8.6-ms pulse of 12^750 Wmol quanta m32 s31 and
a 38.6-ms pulse of 850 Wmol quanta m32 s31 were measured
after the leaf was pre-adapted at 37 Wmol quanta m32 s31 for
1 h (Low1) at 1700 Wmol quanta m32 s31 for 1 min (1 min
1700), at the same PAD for 1 h (1 h 1700) and again at
37 Wmol quanta m32 s31 for 15 min (Low2). The initial slope
and maximum rate Vm (plateau) of the hyperbolic PSII light re-
sponse curve were calculated from the pulse O2 yields and plot-
ted relative to the same values measured after the initial adap-
tation at the low light.
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rapidly reversible (5^10 min), qE type quenching, but
it decreased during the more slowly induced (30^
60 min), but still reversible (15^30 min) qI quench-
ing.
Non-photochemical excitation quenching is a com-
plex process that combines several components that
have di¡erent mechanisms [17]. It is not clear which
of these components have regulatory, photoprotec-
tive functions, and which can be classi¢ed as photo-
inactivation, inhibition or damage [18,39]. There is a
consensus that the fastest component, qE, is related
to thylakoid energisation and is facilitated by zea-
and antheraxanthin. A proposed mechanism explains
qE as excitation quenching in the LHCII complexes
[5,19^21] or in the minor CP24 and CP29 complexes
[22] of the antenna, caused by close interaction be-
tween chlorophylls as a result of ligand protonation
[22] or between chlorophyll and zeaxanthin, which
are moved into close contact as a result of protein
protonation [23,24]. No changes in PSII reaction
centres are expected to occur during qE, if the
quenching occurs in the antenna. Our results are in
agreement with the antenna quenching model for qE,
con¢rming that the number of actively O2 evolving
PSII centres does not decrease in the presence of qE
in leaves. A similar conclusion has been drawn
earlier from experiments on protoplasts [25], how-
ever, in that work, the £ash O2 evolution was mea-
sured with the bare platinum electrode and £ash en-
ergy was not quanti¢ed. Light response curves
measured in the presence and in the absence of qE
were each normalised to their own maximum
yield = 1, thus, it was actually impossible to detect
whether the number of active PSII was decreased
in the presence of qE.
In our experiments, the number of actively O2
evolving PSII centres decreased during the more
slowly induced (30^60 min) and more slowly relaxing
(15^30 min) component of qN. This component of qN
has been classi¢ed as qI [4], where the subscript de-
notes photoinhibition, but this quenching is thought
to happen in the antenna too, because during this
phase of qN, similar changes take place in the anten-
na to those during the qE quenching [5]. However, as
the authors notice, this interpretation may be prob-
lematical since the reversible qI can overlap with the
irreversible qI, a type of quenching known to occur
when PSII is damaged [5].
A slower component of qN has been related to
state transitions, during which a part of PSII antenna
detaches and moves to the non-appressed region of
thylakoids (qT). This process is triggered by reduc-
tion of PQ pool and is thought to balance PSII and
PSI excitation rates [38]. The time kinetics of the qT
component would ¢t our experiments, but, impor-
tantly, the mechanism of qT predicts no changes
can occur in the number of active PSII. It has also
been proposed that a sustained qE-type quenching
can last for longer time after light is turned o¡ due
to the adenylate charge that can reversibly energise
thylakoids [27,28]. Our work shows that the number
of actively O2 evolving PSII centres decreases during
the quenching of the characteristic relaxation time of
15^30 min. This shows that the quenching of this
relaxation time is accompanied by inhibitory changes
in PSII, though these revert relatively rapidly. Prob-
ably, the reversible qI is caused by the accumulation
of non-functional PSIINF via the accumulation of
reaction centre quenching species RCPSIINF [18,26].
Evidently, our slower qN cannot be quali¢ed as qT,
nor can it be sustained qE quenching.
Another component of qN, the very slowly revers-
ible photoinhibitory quenching qI, has been a subject
of thorough investigation. PSII centres are inacti-
vated in the presence of this type of qI, as has been
shown by the measurements of O2 evolution from
trains of saturating single turnover £ashes in photo-
inhibited leaves [29]. There is no clear consensus
about the mechanism of the very slowly reversible
qI. A line of evidence emphasises the possibility
that this qI originates from damage in the water split-
ting mechanism, while other works emphasise
changes on the acceptor side, probably due to the
double reduction of QA and the following protona-
tion and dissociation of this e3 carrier [30^33]. Both
mechanisms lead to the degradation of the D1 pro-
tein of the PSII core complex. The D1 repair is a
slow process and the photoinhibition, associated
with D1 degradation, usually needs longer than
30 min for relaxation, as the t1=2 of D1 degradation
is about 1^2 h and repair is even slower [34], though
variations between plants and conditions exist and
recovery from 15^20% photoinhibition may occur
within 30 min.
On this background, our qN of about 15^30 min
relaxation time, accompanied with decreased number
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of active PSII, may be photoinhibition due to dam-
ages in PSII but preceding the D1 degradation. Our
results are in qualitative agreement with a model ac-
cording to which the reversible qI is caused by PSII
having weakened water splitting or dissociated QA, a
state reversible without following D1 degradation.
Along with the reversible qI quenching, the qE
quenching still occurred in non-photoinhibited
centres. This result is in agreement with the picosec-
ond time-resolved chlorophyll £uorescence analysis
carried out on isolated pea thylakoids [35,36]. In
these studies, £uorescence decay kinetics was mea-
sured in isolated pea thylakoids and the shallow
trap reversible radical pair model [37] was ¢t to the
results. The rate constants for radiationless excitation
decay in the antenna, kA, and radiationless recombi-
nation of the primary radical pair, k2, in PSIIK and
PSIIL were resolved in a necessary assumption that
the rate constant for charge separation did not vary.
In thylakoids isolated from moderately photoinhib-
ited leaves (750 Wmol quanta m32 s31 for 20 min)
and exhibiting a constant loss of Fm for 26% com-
pared with the dark-adapted control, the constant k2
characterising the possibility for radiationless recom-
bination of the primary radical pair (plus triplet for-
mation) was increased compared with the not photo-
inhibited control. When Fm was further decreased by
inducing additional qE-type quenching of Fm by en-
ergising the thylakoids through reversible ATP hy-
drolysis, the model analysis showed that only the
antenna quenching rate constant kA increased, but
not the centre quenching rate constant k2. Thus,
the results of [36] measured on isolated thylakoids,
as well as our results on intact leaves, show that the
rapidly reversible, vpH related qE type quenching
induces changes neither in the charge recombination
properties of PSII centres nor in the number of active
PSII centres detected as O2 evolution from one single
turnover £ash. Contrary to this, mild photoinhibition
with quantum doses of 1800^3600U1700 (our experi-
ments) or 1200U750 (the experiments of [36]) Wmol
quanta m32 decreased the number of active PSII in
sun£ower leaves and increased the rate constant for
radiationless recombination of the primary radical
pair in isolated pea thylakoids. These results are in
agreement with the notion that photoinhibition is a
dynamic process that is accompanied by the impair-
ment of PSII, but the depth of these impairments
depends on the dose of radiation. Smaller doses
lead to rapidly reparable injuries with relaxation
time in tens of minutes, while only bigger doses
end up with damage that needs a longer reparation
period (D1 degradation?).
Comparative measurements using single turnover
£ashes and multiple turnover pulses are in agreement
with the model of antenna type qE quenching. As a
result of 1-min exposure to PAD of 1700 Wmol quan-
ta m32 s31, O2 yield from a saturating single turn-
over £ash and from a saturating multiple turnover
pulse both decreased by 9^10%, but the small down-
regulation of PSII relaxed faster than Fm, showing
that it was not related to the qE quenching. The
initial slope of the PSII light response curve (quan-
tum yield of O2 evolution from a low intensity pulse,
as well as from non-saturating £ashes) was sup-
pressed more than the maximum turnover rate, Vm,
in accordance with the antenna quenching mecha-
nism of qE. After the 1-h exposure to the high
PAD, both O2 yield from a saturating single turn-
over £ash and from a saturating multiple turnover
pulse decreased by 15^20%, while the quantum yield
decreased by 42% from the initial low light adapted
value, showing that the long exposure to high PAD
led to a photoinhibitory decrease in the number of
active PSII. In our previous measurements [16], O2
yield from saturating and limiting multiple turnover
pulses was suppressed approximately proportionally,
suggesting that under the light treatment applied in
that work considerable part of PSII lost the activity
and there was no prevailing antenna quenching. In
those experiments, the inhibitory light treatment
lasted longer than for an hour and the gas contained
0.4% O2 during the treatment (the lowest O2 concen-
tration at which qN was stable). The degree of irre-
versible or very slowly reversible photoinhibition was
checked after relaxation for 30 min, and it was no
more than 15%. Probably, due to the low O2 concen-
tration during the light treatment, more reversible qI
developed in those experiments than in the present
work, where the inhibitory light exposure was as se-
vere as in the previous work, but O2 concentration
during the light treatment was 2%. Therefore, the
results of [16] mostly concern the reversible qI rather
than qE and agree with the results of this work in
that the fast qI is accompanied by reversible inacti-
vation of a part of PSII.
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